Salinity stress significantly reduces the root hydraulic conductivity (Lp r ) of several plant species including barley (Hordeum vulgare). Here we characterized changes in the Lp r of barley plants in response to salinity/osmotic stress in detail using a pressure chamber. Salt-tolerant and intermediate barley cultivars, K305 and Haruna-nijyo, but not a salt-sensitive cultivar, I743, exhibited characteristic timedependent Lp r changes induced by 100 mM NaCl. An identical response was evoked by isotonic sorbitol, indicating that this phenomenon was triggered by osmotic imbalances. Further examination of this mechanism using barley cv. Haruna-nijyo plants in combination with the use of various inhibitors suggested that various cellular processes such as protein phosphorylation/dephosphorylation and membrane internalization appear to be involved. Interestingly, the three above-mentioned barley cultivars did not exhibit a remarkable difference in root cell sap osmolality under hypertonic conditions, in contrast to the case of Lp r . The possible biological significance of the regulation of Lp r in barley plants upon salinity/osmotic stress is discussed.
Introduction
Salinity stress is a representative abiotic stress, which decreases growth and productivity of glycophytes including crops. Detrimental effects of soil salinity are caused by two independent factors, osmotic imbalance and ion toxicity (Munns and Tester 2008 , Horie et al. 2009 , Hauser and Horie 2010 , Horie et al. 2012 ). In the early phase of salinity stress, osmotic imbalance is more critical than ionic toxicity, but cellular mechanisms of osmotic stress tolerance have been less investigated compared with ionic stress tolerance (Munns and Tester 2008) . The hypertonic conditions brought about by salinity stress cause a reduction in the uptake of water into roots or water loss from roots, depending on the strength of the stress, which seriously reduces plant growth (Bernstein and Hayward 1958 , Munns 2002 , Horie et al. 2012 .
Salinity stress has been reported to trigger a significant reduction in root water permeability [i.e. root hydraulic conductivity (Lp r )] in many plant species (Azaizeh and Steudle 1991 , Peyrano et al. 1997 , Carvajal et al. 1999 , Martinez-Ballesta et al. 2000 , Martinez-Ballesta et al. 2003 , Boursiac et al. 2005 , Horie et al. 2011 , Aroca et al. 2012 ). In Chara corallina, an increase in receptor potential in accordance with a rise in the cytoplasmic Ca 2+ concentration was induced by hypertonic shock (Kaneko et al. 2009 ). The hydraulic conductivity of characean cells was found to be sensitive to HgCl 2 , which is similar to the finding that water uptake by a variety of plant roots can be inhibited by mercury ions, known to be a general blocker of aquaporins (Tazawa et al. 1996, Javot and Maurel 2002) . Aquaporins belonging to the major intrinsic protein (MIP) family are poreforming integral membrane proteins that mediate water transport across the membrane (Maurel and Chrispeels, 2001 ). The plasma membrane intrinsic proteins (PIPs) are one of subtypes of aquaporins in plants, and PIPs can be further classified into two subgroups, PIP1 and PIP2 (Chaumont et al. 2000 , Tyerman et al. 2002 , Li et al. 2014 .
In barley (Hordeum vulgare), it has been reported that Lp r is decreased by HgCl 2 as in other plant species (Steudle and Jeschke 1983) , suggesting that aquaporins are involved in the Lp r of barley plants. Eleven HvPIP cDNAs encoding five HvPIP1s and six HvPIP2s have been identified in roots of barley cv. Haruna-nijyo plants (Horie et al. 2011 , Shibasaka et al. 2012 . In Haruna-nijyo plants, 100 and 200 mM NaCl treatments for 4 h induced slight and severe decreases in Lp r , respectively (Horie et al. 2011) . Furthermore, the Lp r was found to be sensitive to a kinase inhibitor, staurosporine (St), suggesting an involvement of phosphorylation in the generation of Lp r in barley roots (Horie et al. 2011) .
The functions of PIP aquaporins have been found to be regulated by various molecular and cellular mechanisms Tyerman 2014, Verdoucq et al. 2014) , including trafficking via heteromerization of PIP1 and PIP2 (Fetter et al. 2004 , Zelazny et al. 2007 , phosphorylation (Prak et al. 2008) , membrane internalization (Boursiac et al. 2005 , Boursiac et al. 2008 , Li et al. 2011 ) and ubiquitylation (Lee et al. 2009 ). Recently, it has also been demonstrated that the SNARE (soluble N-ethylmaleimidesensitive factor protein attachment protein receptor) proteins such as SYP121 and SYP61 regulate post-Golgi trafficking to the plasma membrane and the water channel activity of Zea mays PIP2;5 and PIP2;7 (Besserer et al. 2012 , Hachez et al. 2014 . In particular, a correlation of salt-induced down-regulation of Lp r with the subcellular re-localization of PIPs has been well studied using Arabidopsis plants (Boursiac et al. 2005 , Boursiac et al. 2008 , Li et al. 2011 , Luu et al. 2012 ). The intracellular relocation of aquaporins was first detected in a tonoplast-type aquaporin of Mesembryanthemum crystallinum under osmotic stress (Vera-Estella et al. 2004) . In Arabidopsis, the endocytotic re-localization of AtPIPs and a simultaneous decrease of Lp r were proposed to occur under the control of reactive oxygen species (ROS)-mediated signaling upon salinity stress (Boursiac et al. 2008) .
In this study, we characterized changes in the Lp r of barley plants under salinity/osmotic stress in detail using a pressure chamber and various chemicals that inhibit specific biological events in the cell. We found a profound difference in the regulation of Lp r among barley cultivars that differ in salt sensitivity to salinity/osmotic stress. A salt-sensitive barley cultivar I743 exhibited no indication of salt/osmotic-induced control of Lp r . In contrast, we have found in salt-tolerant and intermediate barley cultivars a novel regulatory response to hypertonic conditions, in which several mechanisms including phosphorylation and membrane internalization might be involved.
Results
Changes in the root hydraulic conductivity (Lp r ) in three barley cultivars, triggered by hyperosmotic conditions
In biophysical analyses using a pressure chamber, salinity stressinduced time-dependent reductions in Lp r in a cultivar of barley, Haruna-nijyo, were characterized in detail. NaCl at 100 mM evoked a complex response whereby Lp r was immediately and severely repressed within 1 h but partially recovered with a temporal peak at 4 h after the treatment before subsequently declining again (Fig. 1, open circle) . We performed similar analyses using barley cultivars that differ from Harunanijyo in salt sensitivity, namely a more salt-tolerant cultivar, K305, and a sensitive cultivar, I743. K305 plants exhibited a similar response to Haruna-nijyo plants, with a much reduced temporal Lp r retrieval in response to 100 mM NaCl (Fig. 1, open  square) . In contrast, no regular mechanism-like characteristic was found in salt-sensitive I743 plants, which exhibited large variations in Lp r after the exposure to 100 mM NaCl at each time point (Fig. 1, open triangle) . Furthermore, additional salttolerant and sensitive barley cultivars were used for similar Lp r analyses. Another salt-tolerant cultivar U070 showed a rapid reduction in Lp r similar to Haruna-nijyo and K305 plants 1 h after 100 mM NaCl treatment ( Supplementary Fig. S1 ). On the other hand, other sensitive cultivars, A627, C613 and I186, did not show a difference in Lp r before or after salinity stress ( Supplementary Fig. S1 ). To uncover the underlying molecular mechanism of the salinity stress-induced Lp r reductions in non-salt-sensitive cultivars of barley, we focused on Haruna-nijyo.
We monitored time-dependent changes in Lp r in response to sorbitol solutions equivalent to 100 and 200 mM NaCl. Sorbitol at 177 mM evoked identical time-dependent changes in Lp r to 100 mM NaCl in Haruna-nijyo plants, showing a temporal peak in Lp r retrieval at 4 h after the exposure (Fig. 2A) . The monitoring of time-dependent changes in Lp r in 200 mM NaCl revealed a severe repression of Lp r within 1 h after the exposure to NaCl without the characteristic temporal retrieval found in the response to 100 mM NaCl (Fig. 2B , open diamond). The treatment with 354 mM sorbitol, equivalent to 200 mM NaCl, was also shown to lead to similar changes in Lp r (Fig. 2B, open square) .
Use of inhibitors to dissect the regulatory mechanism of the Lp r upon salinity stress in barley plants
In a previous study, a kinase inhibitor, St, was found to reduce the Lp r of barley plants significantly (Horie et al. 2011) . The effect of dephosphorylation on the repression of Lp r was therefore tested. Treatments with a phosphatase inhibitor, okadaic acid (OA), for 1 h in parallel with 100 mM NaCl partially interfered with the rapid repression of Lp r in roots of Haruna-nijyo plants ( Fig. 3A , P < 0.05). Lp r recovered about 34% compared with the control value in the presence of 0.5 mM OA. Increasing the dose of OA upon 100 mM NaCl treatment did not simply raise the recovery rate of Lp r (data not shown). Because the recovery by OA was partial, another possible mechanism was suggested to be involved in the regulation of Lp r . We thus next investigated the effect of wortmannin (WM) on the rapid repression of Lp r in response to 100 mM NaCl to test the involvement of membrane internalization. The presence of 3 mM WM Fig. 1 Changes in Lp r in response to 100 mM NaCl in roots of barley cultivars, Haruna-nijyo, K305 and I743, which differ in salt sensitivity. Four-day-old plants were treated with 100 mM NaCl for the indicated amount of time, and a pressure chamber was used for the determination of Lp r ; Haruna-nijyo (red circle; salt-tolerant intermediate), K305 (blue square; the most salt tolerant) and I743 (green triangle; salt sensitive). The Lp r of Haruna-nijyo plants with no salt treatment was also plotted as a control (black cross). Each plot shows the mean ± SD (n = 5-8).
significantly blocked the repression, by which approximately 87% of Lp r was recovered in comparison with the control (Fig. 3A) . The significant effect of WM on the rapid repression motivated us to test the effect of an exocytosis inhibitor, brefeldin A (BFA), on the transient recovery of Lp r that peaks at 4 h after the exposure to 100 mM NaCl. BFA treatments led to an approximately 69% reduction in the recovery of Lp r (Fig. 3B ). Significant reductions of the Lp r were also induced in Harunanijyo plants by treatment with 5 mM salicylic acid (SA) and H 2 O 2 ( Supplementary Fig. S2 ), similar to Arabidopsis plants (Boursiac et al. 2008) .
Barley plants were treated with the proteasome inhibitor MG132 in the presence of 100 mM NaCl for 1-24 h. The results are shown in Fig. 4 . Interestingly, MG132 did not have any significant effect 4 h after the exposure to NaCl, but caused severe interference in the re-repression process after 8 h, showing significant increases in Lp r (Fig. 4) . The relationship between the duration of stress and the recovery of Lp r was investigated further. When barley plants were pre-treated with 100 mM NaCl for <4 h, Lp r recovered by approximately 82% compared witrh the control value after 24 h (black and white bars in Fig. 5 ). However, the recovery was weak during the 24 h period if barley plants had been pre-treated with 100 mM NaCl for 24 h, showing an approximately 26% recovery compared with the control plants (gray bars in Fig. 5 ).
Salt-induced changes in the membrane trafficking of barley root cells
Membrane trafficking was monitored using the tracer dye FM4-64. The plasma membrane of roots of Haruna-nijyo plants was stained with 8 mM FM4-64 for 5 min (Luu et al. 2012) . In most epidermal cells, smooth plasma membrane was observed, as shown in Fig. 6A (control). Treatments with 100 mM NaCl led to significant increases in intracellular bright spots/regions or vesicles-like structures in epidermal cells (Fig. 6A, stressed) from 5.2 ± 2.6% (SD) in control roots to 13.5 ± 5.5% in saltstressed roots ( Fig. 6B, stressed; 
We also attempted to analyze the time-dependent localization of HvPIP2;1 water channel proteins in barley roots in the presence of 100 mM NaCl. Membrane proteins from roots of Haruna-nijyo plants were extracted and fractionated by sucrose Fig. 3 The complex regulation of Lp r in roots of Haruna-nijyo plants exposed to 100 mM NaCl involves multiple cellular mechanisms. (A) Effects of a phosphatase inhibitor, OA, and an endocytosis inhibitor, WM, on rapid repression of Lp r that occurs within 1 h in roots of Haruna-nijyo plants being exposed to 100 mM NaCl. Haruna-nijyo plants were treated with a 100 mM NaCl solution with either 0.5 mM OA or 3 mM WM for 1 h prior to the pressure chamber experiment. (B) The effect of an exocytosis inhibitor, BFA, on the transient Lp r recovery that peaks 4 h after exposure to 100 mM NaCl. Haruna-nijyo plants were treated with a 100 mM NaCl solution with 5 mM BFA for 4 h prior to the pressure chamber experiment. Each bar shows the mean ± SD (n = 5). *P < 0.05, **P < 0.01 vs. 100 mM NaCl with no inhibitor. Fig. 2 Comparisons of the time-dependent change in the Lp r of Haruna-nijyo plants under hypertonic conditions. Lp r was measured using a pressure chamber. Sorbitol was used to prepare nutrient solutions isotonic to NaCl-supplemented solutions: 177 and 354 mM sorbitol for 100 and 200 mM NaCl solutions, respectively. (A) Changes in Lp r in response to 100 mM NaCl (red circle) and the equivalent 177 mM sorbitol (blue cross). Note that the same data set shown in Fig. 1 was used for 100 mM NaCl-treated Haruna-nijyo plants. (B) Changes in Lp r in response to 200 mM NaCl (brown diamond) and the equivalent 354 mM sorbitol (green square). Each plot shows the mean ± SD (n = 5-8).
density gradient centrifugation. Western blotting using antiHvPIP2;1 and anti-H + -ATPase peptide antibodies (Nagao et al. 1987) suggested that the distribution of HvPIP2;1 aquaporins in root membranes changes in response to 100 mM NaCl in a time-dependent manner ( Supplementary Fig. S3 ).
Root cell sap osmolality of barley under hypertonic stress
The root cell sap osmolality of three barley cultivars that were used for the measurement of time-dependent Lp r changes in response to 100 mM NaCl (Fig. 1) was examined under osmotic stress. Substantial increases in the cell sap osmolality were observed in all three cultivars in response to osmotic stress, and no profound difference was observed in the response among the cultivars (Fig. 7) . Treatments with 177 and 354 mM sorbitol led to gradual increases in root cell sap osmolality, peaking around 8-12 h after the stress imposition (Fig. 7B, C) . Approximately 36-47% increases of the cell sap osmolality were observed in barley roots stressed with 177 mM sorbitol (Fig. 7) . With 354 mM sorbitol imposition, the cell sap osmolality resulted in approximately 77-96% increases compared with that in the non-stress condition, although the increase in the most salt-tolerant cultivar K305 was slightly less than that in Haruna-nijyo and I743 plants (Fig. 7) .
Discussion
The mechanism of Lp r regulation in roots of barley cv. Haruna-nijyo plants upon salinity/ osmotic stress A cultivar of barley, Haruna-nijyo, has been found to show reductions in Lp r when treated with high concentrations of NaCl for 4 h, with only a mild reduction in response to 100 mM NaCl but severe repression in response to 200 mM NaCl (Horie et al. 2011) . In the present study, the salt stress-induced time-dependent change of Lp r was investigated in more detail using barley plants. When Haruna-nijyo plants were treated with 100 mM NaCl, a substantial reduction of Lp r was observed 1 h after the stress. Surprisingly, recovery of Lp r was recorded for up to 4 h, and then Lp r decreased again until the end of the experimental period (Fig. 1) . Note that Lp r of Haruna-nijyo plants without NaCl stress during the same experimental duration did not show any characteristic change (Fig. 1, black cross) . Sorbitol iso-osmotic to 100 mM NaCl induced almost the same changes in Lp r (Fig. 2A) . Moreover, sorbitol iso-osmotic to 200 mM NaCl also induced very similar time-dependent reductions of Lp r , in which the transient recovery after the rapid repression within 1 h completely vanished (Fig 2B) . These results indicate that the changes in Lp r in Haruna-nijyo plants are triggered predominantly by the effect of an osmotic imbalance upon exposure to high concentrations of NaCl, and that the regulation of Lp r in response to the osmotic imbalance is dependent on the strength of the stress. The mechanism of salt stress-induced reductions of Lp r has been well described in Arabidopsis (Leshem et al. 2007 , Luu et al. 2012 . In the present study, we show distinct regulation Fig. 4 Possible involvement of proteasome-mediated protein degradation in the regulation of Lp r in roots of Haruna-nijyo plants exposed to 100 mM NaCl. The effect of a proteasome inhibitor, MG132, on the re-repression of Lp r , which occurs later than 4 h after the exposure. Haruna-nijyo plants were treated with a 100 mM NaCl-containing solution with (white bars) or without (gray bars) 5 mM MG132 for the indicated amount of time prior to the pressure chamber experiment. Each bar shows the mean ± SD (n = 5). *P < 0.05, ** P < 0.01 vs. 100 mM NaCl with no inhibitor at each time point. Fig. 5 The time-dependent recovery of Lp r in roots of Haruna-nijyo plants released from hypertonic stress caused by 100 mM NaCl. The plants were treated with a 100 mM NaCl solution for 1 h (black bars), 4 h (white bars) or 24 h (gray bars) prior to being transferred to a nonstress nutrient solution. Barley plants were kept in the standard nutrient solution for the indicated amount of time and used for the subsequent pressure chamber experiment. Each bar shows the mean ± SD (n = 5-8). *P < 0.01 vs. control. Fig. 6 Monitoring of the plasma membrane of epidermal cells of barley roots upon salt treatments using FM4-64. (A) Images of 4-day-old barley roots treated (Stressed) or not (Control) with 100 mM NaCl for 1 h, which were stained by FM4-64 (8 mM for 5 min). The scale bar indicates 20 mm. (B) The percentage of epidermal cells with bright spots/regions or a vesicle-like structure in the intracellular space per total epidermal cells observed was calculated in control or salt-stressed barley roots (n = 7). Each bar shows the mean ± SD (n = 7). *P < 0.05 vs. control.
of Lp r with temporal Lp r recovery after rapid down-regulation due to 100 mM NaCl or 177 mM sorbitol treatments, found in salt-tolerant and intermediate barley cultivars, which has never been reported in other plant species.
We have previously reported that phosphorylation mediated by an St-(a kinase inhibitor) sensitive kinase positively regulates the Lp r in barley roots (Horie et al. 2011) . St treatments were also found to reduce significantly the Lp r of barley plants exposed to 100 mM NaCl for 4 h (Horie et al. 2011) . Based on these previous results, we investigated the effect of dephosphorylation on the immediate repression of Lp r in response to 100 mM NaCl using OA. Pre-treatments with ! 0.5 mM OA significantly inhibited the salinity-induced Lp r repression, suggesting that dephosphorylation is a key event to down-regulate Lp r , which correlates with the role of phosphorylation in Lp r generation of barley plants (Horie et al. 2011) . Interestingly, a similar OA-mediated inhibition of Lp r reductions has been observed in root cortical cells of Arabidopsis subjected to a low temperature stress (Lee et al. 2012) . The role of phosphorylation in the regulation mechanism of plant PIP aquaporins has been well described (Johansson et al. 1998 , Guenther et al. 2003 , Tornroth-Horsefield et al. 2006 , Van Wilder et al. 2008 , Prak et al. 2008 . A phosphoproteomic study using the root plasma membrane of Arabidopsis has identified six novel phosphorylation sites in the C-terminal tail of AtPIP2 aquaporins (Prak et al. 2008) . One of them, Ser283 of AtPIP2;1, was demonstrated to be essential for targeting AtPIP2;1 to the plasma membrane (Prak et al. 2008) . It was also shown that NaCl treatments induce dephosphorylation of Ser283 of AtPIP2;1 (Prak et al. 2008) . At least six PIP2 isoforms are known to be expressed in roots of Haruna-nijyo plants (Horie et al. 2011 , Shibasaka et al. 2012 . Interestingly, the serine residue corresponding to Ser283 of AtPIP2;1 appears to be conserved in five of the six HvPIP2 proteins ( Supplementary  Fig. S4 ). Together, these results suggest the possibility that direct transfer of the phosphate group on HvPIP2 water channels could partially contribute to the generation and repression of Lp r in barley plants.
On the other hand, the extent of OA-induced inhibition of Lp r repression upon hypertonic conditions was found to be partial (approximately 40%: Fig. 3A) , suggesting that another potential cellular mechanism may also be involved in the process in barley plants. Recently, membrane internalization has been demonstrated to control the PIP aquaporin-mediated Lp r of Arabidopsis plants (Boursiac et al. 2005 , Boursiac et al. 2008 . In addition, more recent single-particle tracking analysis of green fluorescent protein (GFP)-AtPIP2;1-expressing Arabidopsis plants revealed that salinity-induced AtPIP2;1 internalization was mediated by both clathrin-dependent and membrane raft-associated pathways in roots of Arabidopsis (Li et al. 2011) . The chemical WM has the potential to block endocytosis in plants (Emans et al. 2002 , Robinson et al. 2008 , Ito et al. 2012 . A significant effect was observed with WM, preventing the rapid repression of Lp r in response to 100 mM NaCl (Fig. 3A) . In contrast, pre-treatments with an exocytosis inhibitor, BFA, significantly reduced the transient Lp r recovery after the exposure to 100 mM NaCl (Fig. 3B) . ROS-mediated Lp r inhibition and PIP internalization triggered by SA in the ROS signaling pathway were reported to be a major regulatory mechanism of Lp r in Arabidopsis plants under salinity stress (Boursiac et al. 2008) . Interestingly, treatments with 0.5 mM SA and H 2 O 2 significantly reduced the Lp r of Haruna-nijyo plants ( Supplementary Fig. S2 ), suggesting that a similar ROS-mediated mechanism might function in barley to regulate Lp r via intracellular trafficking of PIP proteins under salinity stress. In addition, salt treatments stimulated cellular trafficking Fig. 7 Time-dependent changes in the root cell sap osmolality of barley cultivars under hypertonic conditions. Sorbitol was used to prepare hypertonic nutrient solutions. Changes in the root cell sap osmolality of barley cultivars in control (A), 177 mM sorbitol (B) and 354 mM sorbitol (C) conditions. Red circles, blue squares and green triangles represent Haruna-nijyo, K305 and I743 plants, respectively. Each plot shows the mean ± SD (n = 5-30).
of root epidermal cells of barley (Fig. 6A, B) . Membrane fractionation and Western analysis using the anti-HvPIP1 antibody indicated that the HvPIP1 protein was detected in fractions different from the original plasma membrane fractions 1 h after salinity stress ( Supplementary Fig. S3 ), suggesting that HvPIPs could undergo intracellular trafficking, and the vesiclelike structure observed in Fig. 6 could contain HvPIPs. Taken together, these results suggest an involvement of a membrane internalization-mediated regulatory mechanism similar to that of Arabidopsis plants in barley Lp r regulation under hyperosmotic conditions including salinity stress.
Dynamic changes in Lp r within 4 h and the subsequent resuppression of the Lp r of Haruna-nijyo plants in response to 100 mM NaCl or iso-osmotic stress (Figs. 1, 2A) suggest that different modes of regulation of water channels could be employed. The lack of a significant influence of a proteasome inhibitor MG132 on changes in Lp r within 4 h, but significant prevention of the re-suppression of Lp r (Fig. 4) , suggest that protein degradation becomes a predominant mechanism particularly in the re-suppression process. When barley plants experienced 100 mM NaCl for <4 h, the recovery of Lp r after the release from the stress was found to be more efficient than that of the plants exposed to the NaCl stress for 24 h (Fig. 5) . These results might suggest the existence of a putative check point where the endocytotic protein recycling mode is changed to the protein degradation mode in a barley cultivar, Harunanijyo plants.
Significant inhibitory effects of mercury, known to be a blocker of aquaporins, on Lp r have been observed in many plant species (Javot and Maurel 2002) . In contrast, the effect of various inhibitors including chemicals on root water transport has been less investigated. Oxygen deprivation and mimicking of O 2 -deficient conditions by the use of sodium azide (NaN 3 ), a respiratory inhibitor, have been shown to reduce root water transport in maize and Arabidopsis (Zhang and Tyerman 1991, Tournalre-Roux et al. 2003) . Low-temperature-induced reductions in Lp of root cortical cells of Arabidopsis were reported to be inhibited by the presence of a calcium channel blocker LaCl 3 and phosphatase inhibitors OA and sodium vanadate (Na 3 VO 4 ), suggesting an involvement of calcium signaling and phosphorylation in the regulation of root water transport (Lee et al. 2012) . In our studies, several chemicals, some of which have not yet been tested in the root water transport analysis in plants, were used to analyze salt/osmotic stress-simulated changes in Lp r of barley plants (Horie et al. 2011, this study) . The results presented include some novel observations and utilization of various chemicals and reagents, which would provide a means to dissect mechanisms controlling Lp r under environmental stresses in further depth.
Salt/osmotic stress-induced Lp r regulation and salinity tolerance
Responding to 100 mM NaCl, a characteristic Lp r repression process with a transient recovery was found to occur in K305 and Haruna-nijyo plants (Fig. 1) , which are non-salt-sensitive barley cultivars (salt tolerant and intermediate tolerant, respectively) (Ligaba and Katsuhara 2010 , Katsuhara et al. 2011 , Horie et al. 2011 . Interestingly, a salt-sensitive barley cultivar I743 did not exhibit rigid Lp r regulation in response to 100 mM NaCl (Fig. 1) . In a previous study, the Lp of root epidermal cells derived from salt-stressed K305 and I743 plants was measured by the pressure probe method (Katsuhara et al. 2011) . It is not rational to compare the results of Lp r measurements in this study directly with those of previous Lp cell measurements as they represent the hydraulic conductivity at the level of whole root and single cell, respectively. However, general trends of Lp cell in response to salinity stress were similar to those of Lp r observed in this study, except for some differences such as decreases in Lp of epidermal cells from I743 plants 24 h after salt treatments (Katsuhara et al. 2011) . Similarly, the lack of the salt-induced rapid Lp r repression was found in other saltsensitive barley cultivars ( Supplementary Fig. S1 ). In contrast, another salt-tolerant cultivar, U070, exhibited rapid Lp r repression, responding to 100 mM NaCl in 1 h ( Supplementary Fig.  S1 ). On the other hand, robust increases in the cell sap osmolality were found to occur in roots of barley cultivars under osmotic stress (Fig. 7) . No profound difference was observed in the cell sap osmolality upon osmotic stress among the three cultivars (Fig. 7) , in contrast to time-dependent Lp r changes in response to salt-induced hypertonic conditions (Figs. 1, 2) . These results suggest that regulation of water flux but not osmotic adjustments might be impaired in roots of I743 plants. Whether the rapid Lp r repression under salt/osmotic stress is an essential process for plants to show tolerance will be an important question to be addressed.
The possible significance of the reduction in Lp r under hyperosmotic stress could be to minimize water loss from roots through water channels (Kjellbom et al. 1999 , Ohshima et al. 2001 , Hachez et al. 2006 , Martinez-Ballesta et al. 2003 , Horie et al. 2011 , Horie et al. 2012 ). HvPIP2 proteins expressed in Xenopus laevis oocytes were found to mediate water efflux in the presence of extra 100 mM NaCl in the bath solution (Horie et al. 2011 ). In the regulation of Lp r and the maintenance of cytoplasmic volume upon changes in the extracellular water potential, the regulation of hydraulic conductance of the plasma membrane that is mainly determined by PIPs was suggested to be essentially important (Tyerman et al. 1999) . Therefore, the prevention of dehydration via PIPs under salinity/osmotic stress could be an important strategy for plants to adapt to such unfavorable conditions.
The reason why non-salt-sensitive barley cultivars retain such a complex regulatory mechanism for water flux in response to 100 mM NaCl or equivalent osmotic stress is not yet clear. Barley plants might benefit from maintaining vital water homeostasis by the rapid recovery of Lp r in hyperosmotic environments. Alternatively, the putative check point might trigger a transition from the ordinal growth stage with high Lp r to the protected/tolerant stage with much less Lp r . Further investigation will be needed to uncover the biological significance of the stress-strength-dependent dynamic Lp r regulation found in barley plants and its complete molecular mechanism.
Materials and Methods

Plant materials and growth conditions
Seeds of the barley (Hordeum vulgare) cultivars Haruna-nijyo, K305 and I743 were sterilized and germinated in the dark as described previously (Katsuhara et al. 2002, Ligaba and Katsuhara 2010) . The salt-tolerant cultivar U070 and the salt-sensitive cultivars A627, C613 and I186 (Mano 1996) were also examined. Seedlings were subsequently transferred to a nutrient solution and grown in the dark with an air supply as described previously (Ligaba and Katsuhara 2010) .
Four-day-old barley plants were treated with NaCl or sorbitol for the indicated amount of time prior to the pressure chamber experiments. Various inhibitors were used at the indicated final concentrations as described previously (Horie et al. 2011) .
For the Lp r recovery experiments, 4-day-old barley plants were treated with a nutrient solution supplemented with 100 mM NaCl for either 1, 4 or 24 h. Plants were then transferred to a nutrient solution without NaCl and placed in the solution for either 1, 2, 4, 8, 12 or 24 h prior to the pressure chamber experiments.
Measurements of Lp r
The seeds of barley cultivars were sterilized and germinated in the dark, and measurements of Lp r were performed using a pressure chamber as described by Horie et al. (2011) . Briefly, the root system was inserted into the pressure chamber filled with either nutrient solution or the solution supplemented with NaCl or sorbitol. Independent plants were used for the pressure chamber experiments at each time point at each NaCl or sorbitol concentration. Pressure (P) was slowly applied to the chamber, and exuded sap was collected at between 0.15 and 0.25 MPa. The rate of sap flow (J) was determined by measuring sap weight per unit time. The surface area of the root (A) was measured using the WinRHIZO system (Regent Instruments Inc.). The Lp r of individual samples was calculated from the slope of a plot of J/A vs. P.
Staining with FM4-64
Roots of barley (cv. Haruna-nijyo) was excised and stained with 8 mM FM4-64 for 5 min in the hydroponic solution, and observed with a Biozero BZ-8000 (Keyence) or an Olympus FV1000d confocal microscope. Plasma membrane and intracellular membranes, but not the tonoplast, were visualized after 5 min staining with 8 mM FM4-64 (Luu et al. 2012) . In salt-stressed cells, 100 mM NaCl was applied for 1 h before the staining with FM4-64. About 100 epidermal cells (85-120 cells) per root and seven independent roots were examined to calculate the percentage of cells with bright spots/regions or vesicle-like structure in the intracellular space.
Root cell sap osmolality
Four-day-old barley plants were treated or not with sorbitol (177 or 354 mM) for 0, 1, 2, 4, 8, 12 or 24 h. Sorbitol was added to the nutrient solution. After the external solution was removed with a wipe, each root sample was ground and centrifuged (at 20 C for 2 min at 15,000 Â g; HITACHI CT15RE). The osmolality of the supernatant was measured with a vapor pressure osmometer (Wescor 5200; Wescor Inc.).
Supplementary data
Supplementary data are available at PCP online. 
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